Introduction
Currently, there is a drastic change in the illumination technology due to the substitution of incandescent and discharge lamps by energy saving light emitting diodes (LEDs). The general strategy is the combination of near UV emitting Ga/InN LEDs with red, green and blue emitting phosphors. 1 Numerous respective materials are available, which emit in the high energy visible range, but still there is a demand for red emitting phosphors. Eu 2+ doped nitrides are very promising candidates in this context but include some disadvantages. Eu 3+ doped materials are well known alternatives due to the 4f 6 -4f 6 emission located in the red region typical for Eu 3+ ions. The narrow line emission of Eu 3+ ions gives high colour quality devices, compared to the band emission of Eu 2+ ions. A remarkable drawback is, however, that direct excitation into the 4f 6 states leads to inefficient emission due to parity forbidden f 2 f transitions. A solution to this problem is the development of host lattices with complex anions, which include highly charged central atoms, e.g. tungstates and molybdates. In these cases, the charge transfer states of the complex anions are located at rather low energies, namely, in the near UV region and can thus be excited by Ga/InN LEDs. Intense Eu 3+ red emission is achieved after energy transfer from CT to the 4f 6 states.
Moreover, these materials fulfil the requirements for luminescent materials such as high chemical and thermal stability and a suitable site for Eu 3+ doping. Herein, we present a new material, , which shows a strong red narrow line emission.
Contrary to Li 3.5 RE 1.5 (MoO 4 ) 4 , lithium rare earth metal molybdates of the general formula, LiRE(MoO 4 ) 2 (RE: La-Lu, Y), are well-known and crystallize in the tetragonal crystal system with a scheelite-type structure (Scheelite: CaWO 4 We will now describe for the first time the crystal structures of several red-emitting phosphors (Fig. 1 ) in the system 
Experimental

Synthesis and crystallization
Thermal analyses
Differential thermal analysis (DTA) and thermogravimetric analyses (TGA) were performed using an STA 409 EP instrument (Netzsch, Selb, Germany). The samples were heated from 293 K to 1073 K in air (5 K min À1 ).
X-ray powder diffraction
Data were collected at room temperature using a powder diffractometer with transmission geometry (Stadi P, Stoe, Darmstadt, Germany, PSD detector, Ge monochromator, CuKa 1 : l = 1.54056 Å, and flat plate sample holder). Phase analyses and the refinements of the lattice parameters were performed using the TOPAS program. 23 
Single crystal diffractometry
Intensity data were measured on an image plate diffraction system (IPDS, Stoe, Darmstadt, Germany, MoKa: l = 0.71073 Å) at ambient temperatures. Numerical absorption corrections were applied using the X-RED and X-SHAPE software. 24 Structure refinements were performed using the SHELX-97 25 
Photoluminescence spectroscopy
Emission and excitation spectra of crystalline powders were acquired using a Fluorolog3 spectrofluorometer (Model Fl3-22, Horiba Jobin-Yvon, Bensheim, Germany) equipped with a 450 W xenon lamp, double Czerny-Turner monochromators, which allow a resolution down to 0.05 nm, and the photomultiplier detection equipment R928P with a photon counting system. A liquid Helium closed-cycle cryostat was used to perform measurements at 10 K. Emission spectra were corrected for the photomultiplier sensitivity and excitation spectra were corrected for the lamp intensity. Quantum yield was measured using a Fluorolog3 spectrofluorometer with an additional Ulbricht sphere; reflection intensities were corrected. 4 , a decomposition temperature of 995 K was measured, which is a bit lower than was reported earlier (1008 K). 20 With an increase in Eu
Results and discussion
3+
-substitution, the decomposition temperature decreases to 957 K for Li 3 The color of the crystals changes from colorless for the pure yttrium-compound to light pinkish for the pure europiumcompound.
The crystal structures of in between the layers. Li2 is coordinated by four oxygen atoms, which form a rectangle. The coordination sphere of the lithium ions on the Li3 site is that of a distorted octahedron of oxygen atoms. The ratio of Li1 and RE1 on the substitutionally disordered M1 site was found to be very close to 1 : 3 by refining the occupancies. In a later refinement cycle, these values were fixed to ensure charge balance. The positional and anisotropic displacement parameters of Li1 and RE1 atoms were constrained to be identical. 25 The final atomic coordinates and displacement parameters are reported in the supplementary All the samples of the solid solution show bright red emission, which is typical for Eu 3+ phosphors. Luminescence measurements were performed on the unsubstituted material (x = 1) and on that with 10% doping concentration (x = 0.1). The room temperature emission and excitation spectra of the latter are shown in Fig. 6 , while the emission and excitation spectra of both compounds at 10 K are depicted in Fig. 7 and 9 , respectively. An enlargement of the emission spectrum at 10 K of Li 3.5 (Y 0.9 Eu 0.1 ) 1.5 (MoO 4 ) 4 is shown in Fig. 8 . The shape of the emission spectra at 10 K (Fig. 7) is remarkable because only the (Fig. 8) . This feature can be explained due the low site symmetry occupied by the Eu ions (point group C i ). In general, 5 D 0 -7 F 0 are observed only for C nv , C n , or C s symmetry, because this transition is strictly forbidden according to the Judd-Offelt theory and only becomes partly allowed due to J-mixing. 26 In the present case, this observation might be explained by mixing of charge-transfer states into the wave functions of the 4f 6 configuration. (2) 293 (2) 293 (2) 293 (2) 293 (2) 
27
Index ranges
wR 2 = 7.85% wR 2 = 8.72% wR 2 = 8.18% wR 2 = 7.25% wR 2 = 6.70% R indices/I 4 2s(I) R 1 = 3.41% R 1 = 3.55% R 1 = 3.38% R 1 = 3.44% R 1 = 3.06% R 1 = 2.91% wR 2 = 9.12% wR 2 = 7.59% wR 2 = 8.54% wR 2 = 7.88% wR 2 = 7.02% wR 2 = 6.50% Goodness-of-fit on F the excellent color quality of these materials. As it is obvious from Fig. 8 , 5 D 0 -7 F 1 splits into three Stark levels, which led to the conclusion that the Eu ions occupy only one site, as described above. However, a small shoulder can be observed at about 598 nm. Therefore, it cannot be excluded that an extremely small amount of Eu 3+ ions are also located at another site.
Moreover, some very weak emission transitions starting from the 5 D 1 state could be observed even at 10 K (Fig. 8) .
The low temperature excitation spectra ( Fig. 9) . After excitation into this CT state, no CT emission was observed, but only Eu 3+ emission, which is identical to that detected after direct Eu excitation (Fig. 7 , middle and bottom). This observation proves the high efficiency of the energy transfer process CT -Eu 3+ . The ratios of the integrated excitation intensities detecting Eu emission I(CT)/I(Eu) are determined to be 1.23 for x = 1 and 5.48 for x = 0.1. The reason for this observation may not be the more intense energy transfer efficiency for the doped material, but the higher excitation probability of the CT transitions compared to Eu excitation due to the lower Eu concentration. Quantum yield measurements of direct Eu excitation of the 10% doped material gave the remarkable value of 44%, and this may be explained by the low vibrational quenching processes in these compounds. The quantum yield of Eu emission after CT excitation is, however, decreased to 22%. Obviously, there are some other pathways to quench the excitation energy.
For applications of phosphors, it is important to investigate their thermal stability and the change in their luminescence properties at elevated temperatures because of the working temperatures of LEDs at 150-200 1C.
29 Therefore, the optical behavior at temperatures up to 375 1C was investigated. Fig. 10 depicts the temperature-dependent emission spectra. The emission intensity at 100 1C is approximately 70% of that at room temperature, while it drops to approximately 10% at 375 1C.
The high-temperature excitation spectra are shown in Fig. 11 . While the intensities of the 4f-4f excitation bands at high temperatures are, again, lowered to a rather large extent (at 375 1C to about 25% compared to that at room temperature), it is remarkable that the CT excitation band is nearly completely quenched at 375 1C. Obviously, the amount of vibrational radiationless relaxation is more efficient for the latter that for the 4f-4f excitation. This can be explained by the large increase in the Eu-O distances of the CT state compared to that of the ground state, which probably leads to coupling between the vibrational states of the excited and the ground state, which is not the case for the excited 4f states with comparable internuclear distances of excited and ground states.
Conclusions
Crystals of the red-emitting phosphor 
